Abstract Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are part of a disease spectrum associated with TDP-43 pathology. Strong evidence supporting this is the existence of kindreds with family members affected by FTD, ALS or mixed features of FTD and ALS, referred to as FTD-MND. Some of these families have linkage to chromosome 9, with hexanucleotide expansion mutation in a noncoding region of C9ORF72. Discovery of the mutation defines c9FTD/ALS. Prior to discovery of mutations in C9ORF72, it was assumed that TDP-43 pathology in c9FTD/ALS was uniform. In this study, we examined the neuropathology and clinical features of 20 cases of c9FTD/ALS from a brain bank for neurodegenerative disorders. Included are six patients clinically diagnosed with ALS, eight FTD, one FTD-MND and four Alzheimertype dementia. Clinical information was unavailable for one patient. Pathologically, the cases all had TDP-43 pathology, but there were three major pathologic groups: ALS, FTLD-MND and FTLD-TDP. The ALS cases were morphologically similar to typical sporadic ALS with almost no extramotor TDP-43 pathology; all had oligodendroglial cytoplasmic inclusions. The FTLD-MND showed predominantly Mackenzie Type 3 TDP-43 pathology, and all had ALS-like pathology in motor neurons, but more extensive extramotor pathology, with oligodendroglial cytoplasmic inclusions and infrequent hippocampal sclerosis. The FTLD-TDP cases had several features similar to FTLD-TDP due to mutations in the gene for progranulin, including Mackenzie Type 1 TDP-43 pathology with neuronal intranuclear inclusions and hippocampal sclerosis. FTLD-TDP patients were older and some were thought to have Alzheimer-type dementia. In addition to the FTD and ALS clinical presentations, the present study shows that c9FTD/ALS can have other presentations, possibly related to age of onset and the presence of hippocampal sclerosis. Moreover, there is pathologic heterogeneity not only between ALS and FTLD, but also within the FTLD group. Further studies are needed to address the molecular mechanism of clinical and pathological heterogeneity of c9FTD/ALS due to mutations in C9ORF72.
Introduction
Frontotemporal lobar degeneration (FTLD) is a term for a class of neurodegenerative disorders associated with focal cortical degeneration often with predilection for frontal and temporal multimodal association cortices with variable involvement of parietal lobe, basal ganglia and motor neurons [8, 36] . There are several major clinical presentations of FTLD, including behavioral variant frontotemporal dementia (bvFTD), progressive nonfluent aphasia, semantic dementia and corticobasal syndrome [20] , as well as FTD with motor neuron disease (FTD-MND) [37, 48] . Pathologically, FTLD can be classified according to the major protein in neuronal and glial inclusion bodies-tau (FTLD-tau), TDP-43 (FTLD-TDP) and FUS (FTLD-FUS), being the most common subtypes [45] .
Attempts to subtype FTLD-TDP have produced several classification schemes [8, 39, 41, 58] based upon variable methods of assessing pathology and variable requirements of anatomical regions than need to be included. Sampathu et al. [58] defined FTLD-TDP subtypes using a specific collection of monoclonal antibodies to TDP-43 that had variable reactivity with neuronal cytoplasmic inclusions (NCI) and dystrophic neurites (DN) with respect to cortical laminae; they did not link the classification to clinical phenotype. Mackenzie et al. [39] defined subtypes of FTLD-TDP with ubiquitin immunohistochemistry based upon distribution and density of NCI and DN in cerebral cortex and hippocampus, especially the dentate fascia, and linked subtypes to specific clinical syndromes. Recently, these two groups proposed a harmonization between the two classification schemes by introducing yet a third scheme that was different from both the previous schemes [44] , which was based on assessment of undefined cortical regions, lacked information on operational methodology and did not include TDP-43 associated with motor neuron disease and other disorders, such as Alzheimer's disease and hippocampal sclerosis [1] . Given these deficiencies in the ''harmonization,'' the present report uses the Mackenzie classification scheme, since we have been able to validate its link to specific clinical syndromes, genetic basis of disease, and since we were able to identify distinct patterns of neuronal vulnerability to TDP-43 pathology not only in cortical regions, but also in subcortical regions that differed between the TDP-43 pathologic subtypes [26] .
TDP-43 pathology is also characteristic of sporadic motor neuron disease, including disease affecting both upper and lower motor neurons (i.e., amyotrophic lateral sclerosis (ALS) [2, 51] ), as well as variants affecting primarily lower motor neurons (i.e., progressive muscular atrophy (PMA) [17] ) or primarily upper motor neurons (i.e., primary lateral sclerosis (PLS) [10] ). TDP-43 pathology is present in a subset of familial motor neuron diseases due to mutations in TARDBP gene [28, 57, 60] , but not in other genetic causes of motor neuron disease [42] . In addition to NCI and DN, TDP-43 inclusions in oligodendroglia are reported in ALS [2, 42, 50, 61, 67] . TDP-43 inclusions have been reported in capillary astrocytic endfeet in FTLD-TDP [35] , but not in ALS.
There is a overlap in TDP-43 pathology in ALS with that found in FTLD-TDP suggesting that they form a disease spectrum [16, 31] . While most patients with mutations in TARDBP present with ALS, there are some with FTD with or without motor neuron disease [19, 32] . Additional evidence of an FTD-ALS spectrum has come from families with members presenting with ALS, FTD, or FTD-MND. Linkage analysis of these families identified a locus on the short arm of chromosome 9 [3, 18, 34, 38, 46, 47, 62, 63] . The same region was identified in genome-wide association studies in large ALS cohorts [33, 59, 64] . Recently, the genetic basis for the chromosome 9 association of FTD and ALS was discovered to be an expansion of a noncoding GGGGCC hexanucleotide repeat in the gene C9ORF72 [9, 56] . Traditional cloning methods were unable to identify the expansion owing to the size of the expanded allele. Southern blot analysis was needed to identify the expanded alleles, which were not only found in affected individuals in multiplex families, but also identified in some affected individuals with no family history of FTD or ALS [9] . A repeat-primed polymerase chain reaction method has been developed to screen for mutations in C9ORF72, but it cannot accurately quantify the number of repeats. The recommended term to refer to FTD and ALS due to mutations in C9ORF72, c9FTD/ALS, will be used in this report [9] .
Information about pathology in c9FTD/ALS is limited, and all available studies are based upon linkage studies with their inherent case selection bias. For example, families with both ALS and FTD would tend to be selected for linkage, while families with other types of neurologic phenotypes, such as Alzheimer-type dementia, would not be as likely to be selected for linkage studies. Descriptive data have been reported on severity and distribution of neuronal degeneration, type of TDP-43 pathology and other features, such as involvement of motor neurons and white matter, but results are highly variable between the reports (see Supplementary Table) [3, 18, 34, 38, 46, 47, 53, 65] . All reported cases had TDP-43 pathology and most fit with MacKenzie Type 3 [39] , with predominance of NCI over DN and no neuronal intranuclear inclusions (NII). Recently, it has been noted that most cases with chromosome 9-linked FTLD-TDP also have ubiquitin-positive, TDP-43-negative NCI in neurons of the cerebellar internal granular cell layer [3] . This type of cerebellar pathology was first noted in a detailed neuroanatomical investigation of the distribution of ubiquitin and TDP-43 pathology in a series of Finnish cases of FTLD [54] . In that study, ubiquitin-positive, TDP-43-negative inclusions were detected in a subset of FTLD-TDP cases, some of which were later included in the Finnish case series with C9ORF72 mutations [56] . In a subset of cases from Canada, cerebellar granular NCI were also noted in c9FTD/ALS [9] . The present report confirms this finding for the first time in c9FTD/ALS cases from Mayo Clinic. In addition, we present comprehensive pathologic data on a series of 20 cases of c9FTD/ALS ascertained from a single source, the brain bank for neurodegenerative disorders at Mayo Clinic Jacksonville. Neuropathology was assessed in these 20 cases with semi-quantitative methods for a range of parameters, including cortical and subcortical degeneration, motor neuron pathology and distribution and type of TDP-43 pathology. We find that c9FTD/ALS due to C9ORF72 hexanucleotide repeat expansion is clinically and pathologically heterogeneous, and suggest that proposed harmonization of TDP-43 subtypes with respect to genetic associations [44] may have been premature.
Materials and methods

Case material
All cases from the brain bank for neurodegenerative disorders at Mayo Clinic Jacksonville with frozen tissue for DNA extraction, TDP-43 pathology and a neuropathologic diagnosis of FTLD-TDP or ALS were screened for mutations in C9ORF72 using a repeat-primed polymerase chain reaction method to detect expansions of the GGGGCC hexanucleotide [9] . Cases included in this report are limited to those in which the pathologic evaluation was performed in a standardized manner by a single neuropathologist (DWD) and for which paraffin blocks were available for additional histopathologic studies. Of the 102 cases (74 FTLD-TDP and 28 ALS) screened for mutations in C9ORF72, 20 cases had mutations and fit our inclusion criteria. The cases were from several sources-the State of Florida Alzheimer's Disease Initiative (n = 12); ALS Center at Mayo Clinic Florida (n = 3); the Memory Disorder Clinic or Movement Disorders Clinic at Mayo Clinic Florida (n = 3); and CurePSP/Society of Progressive Supranuclear Palsy brain bank (n = 2). A subset of FTLD and ALS cases that were determined to lack C9ORF72 mutations were included for comparison purposes, including 13 cases of FTLD-TDP and 5 cases of ALS. Including these cases, 31 cases (13 FTLD, 18 ALS) were screened for ubiquitin-positive inclusions in the cerebellar granule cell layer.
Medical records were available for review in all but one of the cases. The quality of the medical records with respect to completeness and longitudinal information was judged to be good-to-excellent in 12 of the 19 cases, including all patients followed at Mayo Clinic in Jacksonville, FL, and at the Wien Center in Miami Beach, FL. Demographics of the cases are summarized in Table 1. The clinical information  abstracted from the medical records is shown for the 19  cases with medical records in Table 2 and include age of onset, age of death, disease duration, and clinical diagnosis. Clinical symptoms described by the subject or caregiver and neurologic signs reported on the physical examinations were recorded for each patient. Other pertinent clinical features were recorded, such as presence of motor neuron disease and its type, presence of extrapyramidal signs, psychiatric disturbances (including depression), dementia, memory impairment, focal cortical signs, and frontalbehavioral symptoms. This was not a prospective, longitudinal study with standardized clinical measures from a single center. The clinical data were retrospective and not complete. The diagnosis of dementia was based on the clinical judgment of the physician of record. The diagnosis of motor neuron disease in all ALS cases was confirmed with electrodiagnostic tests, but these tests were not available on patients with FTD. Motor neuron disease was subtyped based upon distribution of clinical signs and symptoms-bulbar if the predominant or only features included dysphagia, dysarthria or hypophonia not related to parkinsonism; the presence of facial and tongue muscle atrophy and fasciculations was recorded in some cases. Spinal motor neuron disease cases had muscle weakness with variable atrophy and fasciculations in limb or trunk muscles, but minimal or no bulbar signs. Spinobulbar motor neuron disease indicated involvement of both bulbar muscles and limb/trunk muscles. Long tract signs were recorded and were present in all cases meeting clinical criteria for ALS [7] . Extrapyramidal signs included tremors, bradykinesia, rigidity, gait impairment, and falls. Psychiatric disorders included depression, delusions, hallucinations and paranoia. Dementia diagnoses included Alzheimer's disease, dementia with Lewy bodies, normal pressure hydrocephalus, Pick's disease and FTD. Focal cortical signs included apraxia and significant language impairment or aphasia. Frontalbehavioral signs included apathy, personality change, poor judgment, inappropriate behavior, perseveration, and disinhibition.
Macroscopic pathology
Data abstracted from neuropathology reports included fixed brain weight (calculated by doubling the weight of the fixed hemibrain), distribution and severity of cortical atrophy, presence and severity of ventricular enlargement, presence and severity of hippocampal atrophy, and presence and severity of caudate nucleus atrophy. Cortical atrophy descriptions, confirmed by a review of photographs of the brain, were converted to a 4-point scale: 0 = unremarkable, 1 = mild, 2 = moderate, and 3 = severe. Enlargement of the frontal and temporal horns of the lateral ventricle were converted to a 4-point scale and then averaged. Atrophy of the caudate nucleus was converted to a 4-point scale similar to those used in a previous study [6] : 0 = unremarkable, 1 = mild atrophy, 2 = flattening of the caudate head, and 3 = severe atrophy giving a convex appearance of the caudate head.
Microscopic pathology-methods
Slides of frontal, temporal, parietal and motor cortex, hippocampus, amygdala, basal ganglia, thalamus, midbrain, pons, medulla and cerebellum were reviewed in all cases. Medulla was available for review in all cases and spinal cord was available in eight cases (ALS: n = 3, FTLD-MND: n = 3, FTLD-TDP: n = 2). In addition to histologic staining methods, including hematoxylin and eosin (H&E), thioflavin-S fluorescent microscopy and Luxol fast blue/periodic acid Schiff of medulla, all cases underwent immunohistochemistry with a monoclonal phospho-TDP antibody (ps409/410, 1:5,000, Cosmobio Co., Tokyo, Japan). Sections of cerebellum were processed for immunohistochemistry with a monoclonal antibody to ubiquitin (Ubi-1, 1:60,000; Millipore, Billerica, MA, USA) to detect NCI. Sections of medulla were processed for immunohistochemistry with a monoclonal antibody to ionized binding adaptor molecule-1 (IBA-1) to detect microgliosis (1:3,000, Wako Chemicals USA, Richmond, VA, USA). Immunohistochemistry for all cases was performed in batches with positive and negative controls to limit variability between slides using a Universal Autostainer (DAKO, Carpinteria, CA, USA) and DAKO Envision kits with diaminobenzidine as the chromogen.
Microscopic pathology-semi-quantitative analyses
Quantitative methods for assessing distribution of neurofibrillary tangles, senile plaques, and amyloid angiopathy using thioflavin-S fluorescent microscopy have been previously described [49] . Alzheimer-type pathology was classified based on the density of senile plaques and neurofibrillary tangles: absent, senile changes of Alzheimer type, pathological aging [11] , and Alzheimer's disease. Cases with senile changes and pathological aging had cortical senile plaques, but a few or no neurofibrillary tangles and a Braak neurofibrillary tangle stage less than IV. Pathological aging cases had enough cortical senile plaques to meet Khachaturian criteria for Alzheimer's disease [30] . Alzheimer's disease cases had many cortical senile plaques and at least some cortical neurofibrillary tangles with a Braak neurofibrillary tangle stage of IV or greater [4] . Presence of Lewy bodies was assessed with a-synuclein immunohistochemistry and classified according to the previous methods [14] .
Cerebrovascular pathology was assessed on all cases using a simple scoring method [23] .
The density of ubiquitin-positive cerebellar inclusions in the internal granular cell layer was graded on a semi-quantitative 4-point scale: 0 = none, 1 = mild, 2 = moderate, and 3 = severe. The presence and severity of neuronal loss and gliosis in the hippocampus was used to score severity of hippocampal sclerosis. Hippocampal pathology was assessed on H&E stained sections of hippocampus at the level of the lateral geniculate and scored on a semi-quantitative 4-point scale: 0 = absence of neuronal loss in the subiculum or CA1, 1 = neuronal loss and gliosis in the subiculum, 2 = mild-to-moderate neuronal loss and gliosis in both the subiculum and CA1, and 3 = severe neuronal loss and gliosis in both the subiculum and CA1 [25] . The presence and severity of neuronal loss and gliosis in the substantia nigra was assessed on H&E stained sections with a semi-quantitative 3-point scale: 0 = preservation of neuromelanincontaining neurons throughout the substantia nigra, 1 = mild neuronal loss with some extraneuronal pigment, 2 = moderate neuronal loss with gliosis and extraneuronal pigment, 3 = severe neuronal loss and gliosis with extensive extraneuronal pigment.
Severity of motor neuron pathology was evaluated in the medullary pyramid and hypoglossal nucleus in the medulla, as well as the corticospinal tract and anterior horn cells in spinal cord, if available. Degeneration of the corticospinal tract was evaluated for myelin pallor and microgliosis on LFB and IBA-1 stained sections, respectively. Severity was measured on a 4-point grading scale: 0 = none, 1 = mild, 2 = moderate, and 3 = severe. Hypoglossal nucleus and/ or anterior horn cells in the spinal cord were assessed for neuronal loss, gliosis, and the presence or absence of Bunina bodies on H&E. If the hypoglossal nucleus was not available due to an off center sagittal cut of the hemibrainstem, the nucleus ambiguus was evaluated for signs of motor neuron degeneration (Case 5, 8, 13, 14, 15) . Cases with no Bunina bodies on original medulla or spinal cord sections were evaluated by taking additional nonoverlapping sections, with the number of additional sections ranging from 5 to 20 depending upon if spinal cord or more than one level of medulla was included in the paraffin blocks. H&E stains from frontal, temporal, motor, and parietal cortices were used to evaluate the severity of neuronal loss, spongiosis, and gliosis associated with cortical degeneration. Semi-quantitative grading methods for cortical degeneration, which assessed neuronal loss, gliosis and spongiosis, and of striatal atrophy were similar to methods previously described [24] .
Methods for assigning TDP-43 pathology type was according to our validation of the Mackenzie subtyping scheme [26] . Briefly, Type 1 cases have at least some lentiform NII as well as granular or crescent-shaped NCI and short, curvilinear DN most dense in layer II of the cortex. They also have granular, small dense or crescentshaped NCI in the hippocampal dentate fascia and frequently fine thin neurites in CA1, usually associated with hippocampal sclerosis. The TDP-43 pathology in Type 1 is widespread, and involves amygdala, basal ganglia, midbrain and medulla (e.g., inferior olivary nucleus). Microvascular astrocytic inclusions [35] are detected in the cortex, amygdala and basal forebrain. Type 2 cases lack NII and have sparse cortical NCI, but demonstrate sometimes numerous Pick-body-like NCI in the dentate fascia, amygdala and basal ganglia. Cortical DN are thick and long and can be detected in all cortical layers. Type 2 cases have minimal TDP-43 pathology (e.g., sparse DN) in brainstem. Type 3 cases have NCI (granular or ''preinclusion'' type [5] ) with a paucity of DN in the cortex. They have variable NCI in hippocampal dentate fascia, and often many NCI in the amygdala. NCI are sparse in midbrain and medulla, but significantly more NCI are detected in hypoglossal nucleus than Types 1 and 2 [26] . An ALS type was also defined in this study. It required skein-like, Lewy-body-like or pre-inclusion type NCI in motor neurons, more often in hypoglossal nucleus, nucleus ambiguus and anterior horn cells than in the Betz cells of the motor cortex [10] , as well as oligodendroglial cytoplasmic inclusions (GCI) in the pyramidal tract [10, 50] .
The presence and density of NCI, GCI, DN and perivascular (PV) astrocytic inclusions were assessed semiquantitatively in 25 brain regions with TDP-43 immunohistochemistry, including middle frontal cortex, motor cortex, dentate fascia of the hippocampus, CA1-subiculum of the hippocampus, entorhinal cortex, inferior temporal gyrus, putamen, globus pallidus, basal nucleus of Meynert, hypothalamus, amygdala, midbrain tectum, periaqueductal gray matter, oculomotor nucleus, red nucleus, substantia nigra, hypoglossal nucleus, medullary tegmentum (including nucleus ambiguus), inferior olivary nucleus, anterior horn of the spinal cord; as well as five areas of white matter-paracentral cerebral white matter, anterior limb of internal capsule, cerebral peduncle, medullary pyramid, and corticospinal tract of the spinal cord. NCI, DN, GCI and PV were each scored independently on a 4-point scale (0 = none, 1 = mild, 2 = moderate, 3 = severe) in each region.
Genetic analyses
Genomic DNA was extracted from samples using the standard procedures. For each case, DNA was screened for the presence of the expanded hexanucleotide repeat in C9ORF72 using the repeat primed polymerase chain reaction method as previously described [9] . In short, 100 ng/ll of DNA was amplified by polymerase chain reaction in a 20-ll reaction containing 1 M betaine (Sigma), 5% dimethyl sulfoxide (Sigma), 5 mM of dCTP, dATP, dTTP (Promega) and 7-deaza-2-deoxy GTP (Roche) in complete substitution for dGTP. The cycling program included an initial denaturation at 98°C for 10 min followed by 10 cycles of denaturation at 97°C for 35 s, annealing at 64°C for 2 min and extension at 68°C for 8 min, followed by 25 cycles of denaturation at 97°C for 35 s, annealing at 64°C for 2 min and extension at 68°C for 8 min plus 20 additional seconds each cycle.
Statistical analyses
SigmaPlot (version 11) was used for all statistical analyses. The difference in mean values of normally distributed data (i.e., age onset, age at death, and brain weight) was calculated with Analysis of Variance (ANOVA) tests, and post hoc pairwise comparisons were performed with a t test. A nonparametric Kruskal-Wallis one-way ANOVA on Ranks was used on disease duration and all semi-quantitative pathologic data. Post hoc pairwise comparisons of nonparametric data were performed using the Holm-Sidak method. For categorical data (i.e., family history and presence/absence of pathology), a v 2 test was used to establish whether the proportions of observations differed between groups. Correlative analyses were performed using a Spearman rank order correlation. Significance was considered to be p \ 0.05.
Results
Demographics and clinical presentation c9FTD/ALS cases fell into three groups based on their pathologic characteristics: ALS (n = 5), FTLD-MND (n = 8), and FTLD-TDP (n = 7). ALS cases had motor neuron degeneration, but minimal extramotor TDP-43 pathology. FTLD-TDP had no motor neuron degeneration and widespread TDP-43 pathology. FTLD-MND had both motor neuron degeneration and widespread TDP-43 pathology. The sources of patients in this pathologic series were Mayo Clinic Florida (ALS n = 2, FTLD-MND n = 3, FTLD-TDP n = 1), State of Florida Alzheimer Disease Initiative (ALS n = 1, FTLD-MND n = 5, FTLD-TDP n = 6) and the CurePSP/Society of Progressive Supranuclear Palsy brain bank (ALS n = 2, FTLD-MND n = 0, FTLD-TDP n = 0). Demographics and clinical features are summarized in Table 1 , with further detailed information on individual cases provided in Tables 2, 3 . Patients thought to have Alzheimer-type dementia, dementia with Lewy bodies or FTD were mostly from Florida memory disorder clinics, while most of the ALS cases came from clinics specializing in ALS. Two of the ALS cases had progressive supranuclear palsy in the differential diagnosis due to severe dysarthria and dysphagia. On closer inspection of the clinical information, they lacked other diagnostic clinical characteristics of progressive supranuclear palsy. There were fewer men in the ALS (1 of 5) group than either FTLD-MND (4 of 8) or FTLD-TDP (6 of 7) groups, although this only approached statistical significance. Cases in the ALS and FTLD-MND groups were younger than in the FTLD-TDP group at symptom onset and death. There were no differences in frequency of family history of neurodegenerative disorder by referral source or by c9FTD/ALS pathologic group. For cases in which family history was clearly documented, 33% (6/18) did not have a first-degree relative with ALS, Parkinsonism or dementia.
Initial symptoms and clinical diagnoses were consistent with ALS in the ALS pathologic group; except for case 4 who was initially diagnosed with dysarthria thought to be due to multiple sclerosis because of white matter lesions on neuroimaging. A diagnosis of bulbar palsy consistent with ALS was made on the last available clinical evaluation before death. The patients in the ALS pathologic group had no cognitive or behavioral disturbances, but psychiatric symptoms, most often depression, were not uncommon in ALS (2 of 4) and FTLD-MND (4 of 8) groups. Patients in the FTLD-MND pathologic group were heterogeneous in initial clinical presentations, including initial diagnoses of ALS (n = 2), Alzheimer's disease (versus bvFTD, normal pressure hydrocephalus, or dementia with Lewy bodies) (n = 4), depression (n = 1), and bvFTD (n = 1). The frequency of frontal-behavioral features was similar in FTLD-MND (6 of 8) and FTLD-TDP (3 of 7) pathologic groups (p = 0.047). Patients in the FTLD-TDP group were more often given an initial diagnosis of Alzheimer's disease, mild cognitive impairment or dementia with Lewy bodies than those in the FTLD-MND group, but they were also older and mostly evaluated in memory disorder clinics. Extrapyramidal signs and memory impairment were relatively common in c9FTD/ALS, but they did not differ significantly between FTLD-MND and FTLD-TDP pathologic groups. Although not significant, focal cortical signs were more frequent in FTLD-TDP (5 of 7) compared with FTLD-MND (3 of 8), including one patient whose final clinical diagnosis included the differential between progressive nonfluent aphasia and bvFTD due to the presence The presence or absence of Bunina bodies in motor nuclei in the medulla (hypoglossal nucleus and/or a nucleus ambiguous if section was cut off midline precluding evaluation of hypoglossal nucleus) and/or spinal cord. The presence and type of Lewy bodies detected with a-synuclein immunohistochemistry. Semi-quantitative data are displayed from a 4-point scale (none, mild, moderate, and severe)
NFT neurofibrillary tangle, SN substantia nigra, HpScl hippocampal sclerosis, TLBD transitional Lewy body disease, BLBD brainstem Lewy body disease of mixed language and frontal-behavioral features. This was the only case (case 18) with clinically significant nonfluent aphasia and no c9FTD/ALS patient was considered to have semantic dementia or corticobasal syndrome.
Pathologic findings
The brain weight did not differ among the three pathological groups. Macroscopic atrophy of the frontal cortex, however, tended to be more severe on average in FTLD-TDP, while atrophy was less in most cases of FTLD-MND (Fig. 1) . Frontal or temporal atrophy was not present in ALS, but mild atrophy of the motor cortex was sometimes noted in ALS and more often in FTLD-MND. Parietal cortices were minimally affected, while occipital cortices were spared in all three groups. Hippocampal atrophy was prominent in FTLD-TDP and to a lesser extent FTLD-MND, compared to ALS. Atrophy of the caudate did not differ across groups; however, mild-to-moderate atrophy was occasionally observed in FTLD-MND (cases 9, 10, and 13) and FTLD-TDP (cases 16 and 17).
Hippocampal sclerosis (Table 3) was not detected in any ALS case, but was present in FTLD-MND (5 of 8) and FTLD-TDP (7 of 7). Hippocampal sclerosis was moderateto-severe in five of the FTLD-TDP, but only two of the FTLD-MND cases. All of the cases with moderate-tosevere hippocampal sclerosis (n = 7) presented with memory impairment and had a clinical diagnosis of Alzheimer's disease either initially or in their final clinical diagnosis. Mild hippocampal sclerosis had a variable impact on memory dysfunction and clinical diagnosis of Alzheimer's disease (2 of 5). Macroscopic hippocampal atrophy and microscopic assessment of hippocampal sclerosis were highly correlated (r = 0.88, p \ 0.0001).
Alzheimer-type pathology was minimal-to-absent in most cases, and sufficient to diagnose Alzheimer's disease in one FTLD-MND case (case 10), a 61-year-old woman with many cortical senile plaques and a Braak neurofibrillary tangles stage of V-VI. Lewy bodies were detected in only two cases, both FTLD-TDP. Case 19, an 83-yearold man with no extrapyramidal signs, had Lewy bodies in the brainstem and basal forebrain not associated with neuronal loss and gliosis, consistent with an incidental finding. Case 14, a 73-year-old man with no extrapyramidal signs, had Lewy bodies in brainstem, basal forebrain, hippocampus and limbic cortices, but minimal neuronal loss in the vulnerable brainstem nuclei, except the substantia nigra. Substantia nigra degeneration was variable and was moderate-to-severe in three of the FTLD-TDP, four of the FTLD-MND, but in none of the ALS group. Of the five cases with the most severe degeneration of the substantia nigra, four had extrapyramidal signs and two of these had dementia with Lewy bodies as an antemortem clinical diagnostic consideration, including an 86-year-old man (case 20) enrolled in a prospective, longitudinal study of dementia with Lewy bodies. None of the patients with Parkinsonism and severe substantia nigra degeneration had Lewy bodies.
All cases had ubiquitin-positive, TDP-43-negative NCI in cerebellar internal granular cell layer (Fig. 2) . There was no difference in the density of cerebellar inclusions across the three groups, although they tended to be less numerous in ALS. Of the 31 additional FTLD and ALS cases that were negative for C9ORF72 mutations, no ubiquitin-positive NCI were detected in the cerebellar granule cells, although there were often age-related ubiquitin-positive structures in white matter and the Purkinje cell layer [12] .
Motor neuron degeneration
Severity of pyramidal myelin pallor and microgliosis was greater in ALS and FTLD-MND than in FTLD-TDP, which had no myelin pallor in any of the cases and showed only mild microgliosis in three of seven cases. Moderate-tosevere hypoglossal neuronal loss and gliosis was detected in all ALS and in four of the FTLD-MND cases, but was absent in FTLD-TDP. The remaining four FTLD-MND cases showed mild neuronal loss and gliosis. Bunina bodies were found in the hypoglossal nucleus and/or anterior horn cells in all ALS; however, Bunina bodies in Cases 1 and 2 were found only after the evaluation of additional levels. Seven of eight FTLD-MND cases had Bunina bodies, including a case (case 13) in which they were detected only after additional sections were examined. Despite additional sampling, there were a few neurons left to detect Bunina bodies in case 8. Bunina bodies were originally not detected in any of the FTLD-TDP cases, but after evaluation of additional nonoverlapping sections of medulla and/ or spinal cord if available, isolated Bunina bodies were sometimes detected-one Bunina body was detected in case 14 and two Bunina bodies in case 17. In neither case they were associated with neuronal loss or TDP-43-positive NCI in motor neurons.
Cortical neuronal loss and gliosis
Mild-to-severe frontal cortical neuronal loss and gliosis was present in five cases of FTLD-MND and all seven cases of FTLD-TDP, compared to ALS where no significant cortical neuronal loss or gliosis was found. Temporal cortical neuronal loss and gliosis was absent in ALS, present in only two cases of FTLD-MND and to some degree in four cases of FTLD-TDP. Motor cortex neuronal loss and gliosis was found to some degree in all ALS and almost all FTLD-MND (6 of 8), but in only four FTLD-TDP (4 of 7) cases. Mild-to-moderate striatal atrophy was present in five cases of FTLD-MND and all seven cases of FTLD-TDP, but was not detected in any case of ALS. In no case was striatal atrophy severe. Table 1 summarizes general features of TDP-43 pathology; including the TDP-43 type, the presence of NII, and the presence of hippocampal synaptic-like immunoreactivity or fine thin neurites in CA1. TDP-43 types were classified based on our previous study [26] , which validated the scheme originally proposed by Mackenzie et al. [39] (Fig. 3) . In the present study, a TDP-43 type for ALS was also denoted, since it had distinct features from the other types. The ALS type was associated with NCI (e.g., skeinlike, Lewy body-like or pre-inclusion type) in motor neurons (i.e., Betz cells in motor cortex, neurons of hypoglossal nucleus and/or anterior horn cells of the spinal cord), GCI in motor cortex and the corticospinal tract, but minimal extramotor TDP-43 pathology.
TDP-43-pathology
Type 1 cases had the oldest age of onset and death (age onset = 70 years, age death = 75 years) compared to Type 2 (58, 68 years), Type 3 (57, 62 years), and ALS type (52, 59 years) (p = 0.006 and p = 0.020, respectively). Disease duration, however, was the longest in Type 2 (10 years) compared to Type 1 (4.8 years), Type 3 (4.3 years), and ALS type (3.3 years) (p = 0.025). FTLD cases with NII (n = 9) were more likely to have a positive family history as those without NII (n = 6) (89 vs. 17%, p = 0.011). Table 2 shows the TDP-43 type for each case and Table 4 summarizes the range of TDP-43 pathology found in the 25 brain regions reviewed for GCI, NCI, DN, and PV astrocytic inclusions. Table 4 shows only the regions with statistically significant findings (except for motor neurons, which were included for purpose of comparison) and is organized to illustrate pathologic patterns of overlap with regard to GCI (ALS overlaps with FTLD-MND), NCI (FTLD-MND, FTLD-TDP), and DN (FTLD-MND, FTLD-TDP). PV astrocytic inclusions were relatively limited to FTLD-TDP. The majority of FTLD-MND cases (6 of 8) were Type 3, with one being Type 1 and one being Type 2 detected (Table 2) . Conversely, most of the FTLD-TDP cases (6 of 7) were Type 1, with one being Type 2 detected (Table 2) .
All cases had TDP-43 pathology, but there was heterogeneity in the mix of neuronal and glial lesions and in the Fig. 1 Macroscopic findings in c9FTD/ALS (case 1: a, b and c; case 9: d, e and f; case 14: g, h and i). ALS case with mild motor cortex atrophy (a, arrow), but no ventricular enlargement on a coronal section at level of the subthalamic nucleus (b) and no gross hippocampal atrophy (c, arrow). FTLD-MND case (Mackenzie Type 3) with frontal and motor cortex (d, arrow) atrophy. Enlargement of the frontal, but not temporal horn of the lateral ventricle can be seen on a coronal section at level of the subthalamic nucleus (e) and mild hippocampal atrophy of the subiculum (f, arrow). FTLD-TDP case (Mackenzie Type 1) with no motor cortex atrophy (g, arrow), but moderate frontal and temporal atrophy, as well as enlargement of both frontal and temporal horns of the lateral ventricle on a coronal section at level of the subthalamic nucleus (h). Hippocampal sclerosis was severe and correlates with atrophy in CA1 and the subiculum (i, arrow) distribution of TDP-43 pathology (Fig. 3) . The heterogeneity was not random, but showed clear patterns into three pathology groups-ALS, FTLD-MND and FTLD-TDP (Table 4) . GCI were more common in ALS and FTLD-MND than in FTLD-TDP. The highest density of GCI was observed in the motor cortex, which correlated with severe neuronal loss and spongiosis (p = 0.020). The density of GCI tended to be greater in ALS than FTLD-MND within the hypoglossal nucleus, medullary tegmentum, and medullary pyramid. Of the cases where spinal cord was available, the anterior horn was moderately affected in ALS and FTLD-MND. GCI were found in the paracentral white matter of ALS and FTLD-MND, but in only one FTLD-TDP case.
Cortical NCI were common in FTLD-TDP and FTLD-MND, but nearly absent in ALS outside of the motor cortex. In addition to characteristic skein-like and Lewybody-like inclusions in motor neurons in ALS, isolated NCI were inconsistently detected in amygdala, red nucleus and medullary tegmentum. Moderate-to-severe NCI were observed in the cortical and limbic structures of FTLD-MND and FTLD-TDP. FTLD-MND showed more brainstem NCI in the midbrain tectum and periaqueductal gray matter compared to both ALS and FTLD-TDP.
DN were infrequent and sparse in ALS. In contrast, motor cortex and hypoglossal nucleus had more numerous DN in FTLD-MND compared with ALS. Moderate-to-severe DN were observed in corticolimbic regions in FTLD-TDP and to a lesser extent in FTLD-MND, the latter driven almost exclusively by the one Mackenzie Type 2 case in the FTLD-MND group. FTLD-TDP tended to have more severe pathology in both cortical and limbic regions than FTLD-MND. PV astrocytic inclusions were frequent in FTLD-TDP, but sparse in FTLD-MND and ALS. This observation correlated with increased Type 1 pathology in FTLD-TDP and the association of PV inclusions with Type 1 pathology [35] . The single FTLD-MND with Type 1 TDP-43 pathology (Case 11) had mild PV astrocytic inclusions.
TDP-43 pathology in Type 1 cases was predominant in superficial cortical layers and characterized by NCI and short and thin DN, while Type 2 cases had long and thick DN that showed no predilection for any cortical layer. Morphologic, as well as regional differences of NCI could be observed across types. Type 1 NCI were granular and dense in appearance, and more often found in cortex, basal ganglia, hypothalamus and hippocampus. The two Type 2 cases had a Pick-body-like appearance and were most numerous in dentate fascia of the hippocampus, amygdala, and basal ganglia. Skein-like NCI were observed in both Type 1 and Type 2 in isolated neurons of the substantia nigra and red nucleus. Type 3 NCI often had the appearance of diffuse cytoplasmic immunoreactivity consistent with pre-inclusions and they also had more synaptic-like TDP-43 immunostaining in the cortex, hippocampus, amygdala and globus pallidus.
Evaluation of the hippocampus demonstrated unusual TDP-43-positive, synaptic-like pathology that was most abundant in CA4-CA2 sectors, which has not been emphasized in the previous studies of FTLD-TDP (Fig. 4) . In some cases, this synaptic pattern of TDP-43 pathology was also noted in the amygdala, cortex and the wooly fibers of the globus pallidus. Synaptic TDP-43 pathology was noted in five of eight FTLD-MND and one of seven FTLD-TDP, almost all of which (4 of 6) were also consistent with TDP-43 Type 3. Many small, thin TDP-43 positive DN similar to those originally reported by Hatanpaa et al. [21] were detected in CA1-subiculum of the hippocampus of nine cases, all seven FTLD-TDP and two FTLD-MND. All but two cases were TDP-43 Type 1 (one Type 3 and one Type 2). All but one of the cases with fine DN in the hippocampal pyramidal layer had hippocampal sclerosis. None of the ALS cases had abnormal TDP-43 synaptic pathology or fine DN in the hippocampus. TDP-43-positive NII were infrequent in FTLD-MND, absent in ALS, but significantly more frequent in FTLD-TDP. Only three FTLD-MND had NII. In FTLD-TDP, NII were most often lentiform shaped, but the few detected in FTLD-MND were more often round.
Comparison of c9FTD/ALS to FTLD and ALS cases without C9ORF72 mutations A series of 18 cases of FTLD-TDP (TDP-43 Type 1 (n = 3), Type 2 (n = 4) Type 3 (n = 6) and ALS (n = 5) cases that were negative for C9ORF72 mutations were processed for TDP-43 immunohistochemistry, as well as Luxol fast blue and IBA-1 immunohistochemistry identical to that used for c9FTD/ALS cases. There were no distinguishing features that differentiated c9FTD/ALS cases. For example, synaptic-like TDP-43 immunoreactivity was detected in some of the Type 3 cases in the hippocampus, globus pallidus and substantia nigra. This pathology was minimal with commercial TDP-43 antibodies and clearly greater with the phospho-TDP (409/410) antibody used in the present study. GCI, which were prominent in ALS and FTLD-MND cases in c9FTD/ALS, were also present in sporadic ALS cases. Incidental Bunina bodies were also detected in hypoglossal nucleus of a case of FTLD-TDP in which there was no significant motor neuron loss.
Discussion
This is a detailed pathologic description of c9FTLD/ALS due to mutations in C9ORF72. The cases were both clinically and pathologically heterogeneous and fell into three pathologic categories: ALS, FTLD-MND, and FTLD-TDP. ALS cases had motor neuron degeneration, but minimal extramotor TDP-43 pathology. They all had clinical presentation consistent with ALS. FTLD-TDP had no motor neuron degeneration and widespread TDP-43 pathology. They were clinically heterogeneous. FTLD-MND had both motor neuron degeneration and widespread TDP-43 pathology. Only some of the FTLD-MND had clinically recognized evidence of motor neuron disease. There were age of onset and age at death differences between the groups. ALS and FTLD-MND were younger on average than FTLD-TDP. There was no significant difference in disease duration amongst the three pathological groups.
Two caveats should be emphasized with respect to the clinical heterogeneity observed in this series of cases. First, the clinical information in this report is not from a prospective, longitudinal study. Second, the cases were obtained from diverse clinical sources, including tertiary academic medical centers as well as nonspeciality community hospitals. As previously reported, clinical presentations of c9FTD/ALS include ALS and FTD, as well as patients with mixed clinical features of FTD-MND [3] . All of these clinical syndromes tend to be symmetrical and associated with predominance of frontal lobe involvement [38] . Asymmetrical or focal cortical syndromes were uncommon in the present autopsy series; only one patient had prominent aphasia. A previously unrecognized clinical presentation of c9FTD/ALS in this autopsy series is amnestic dementia resembling Alzheimer's disease, sometimes clearly preceded by amnestic mild cognitive impairment. Amnestic dementia cases were relatively frequent in our cohort. They were often evaluated in Florida memory disorder clinics, and they tended to be older at death than those presenting with FTD or ALS. Almost all cases with amnestic dementia suggestive of Alzheimer's disease had hippocampal sclerosis, which supports the previous findings in the elderly with hippocampal sclerosis who may clinically mimic Alzheimer's disease rather than FTD [52] . FTLD cases with final clinical diagnoses of bvFTD tended to be younger. There was a strong correlation between microscopic evidence of hippocampal sclerosis and macroscopic evidence of hippocampal atrophy, which would make antemortem differential diagnosis difficult in these elderly patients in the absence of other more specific biomarkers. Cases with the most severe macroscopic and microscopic hippocampal involvement had FTLD-TDP compared to mild pathology in FTLD-MND. This fits with the lower frequency of hippocampal sclerosis noted in a previous series of FTLD-MND compared with FTLD-TDP [25] . Although all ALS cases had clinical features compatible with this diagnosis, there was variability in the distribution of motor neuron degeneration, with half showing predominantly terminal bulbar signs and half with predominantly spinal signs. There was a greater range of clinical presentations among the FTLD subgroups. As noted in much larger clinical and pathological series [9] , not all c9FTD/ALS in this pathology series had a family history of neurological disease. Whether this represents true sporadic disease or incomplete ascertainment remains to be determined. Interestingly, NII were more common in cases with a positive family history, as previously reported [26, 43] . On the other hand, most cases of c9FTD/ALS with NII had Mackenzie Type 1 pathology, not Type 3 as originally suggested in the recent ''harmonization'' of the two major FTLD-TDP classification schemes [44] .
Macroscopic examination of the brain revealed frontal cortical atrophy in both FTLD-TDP and FTLD-MND that was greater than in ALS; atrophy of motor cortex was more frequent in ALS and FTLD-MND than in FTLD-TDP. Ventricular enlargement was greater in FTLD-TDP than both ALS and FTLD-MND. Other pathologies (i.e., Alzheimer type pathology, Lewy bodies, and vascular pathology) were infrequent and did not differ among the groups.
All cases had ubiquitin-positive, TDP-43-negative NCI in cerebellar granular layer. Cerebellar NCI were not detected in 13 FTLD-TDP and 18 ALS cases that were negative for C9ORF72 mutations, although age-related ubiquitin pathology could be observed in the white matter in all cases [12] . Although cerebellar NCI were not detected in cases negative for C9ORF72, caution is advised in overinterpretation of age-related ubiquitin changes that have been previously reported in the granule cell layer of middle-age and older adults [12] .
FTLD cases in the present series had heterogeneity regarding the degree and pattern of cortical atrophy, hippocampal sclerosis, striatal atrophy, SN degeneration, motor neuron pathology, and TDP-43 type. Previous studies of chromosome 9p-linked FTLD had suggested that TDP-43 pathology in c9FTD/ALS was most often consistent with Mackenzie Type 3 [3, 18, 34, 38, 53] . Our study demonstrates that this is not the case, and that even among cases with FTLD-MND, that not all had Type 3. Given the larger number of FTLD-TDP cases in this series, the most frequent type was actually Mackenzie Type 1. Some of the Type 1 cases were atypical in the frequency of pre-inclusion type neuronal lesions, a common feature of Type 3. The ALS cases had very little extramotor TDP-43 pathology, and even then, GCI were largely confined to the corticospinal tract. These observations are somewhat contrary to the observations of Geser et al. [15] , who implied that extramotor pathology was almost inevitable in ALS.
Most FTLD cases fell into two TDP-43 types: either Mackenzie Type 1 (half with FTD and Alzheimer-type dementia) or Mackenzie type 3 (half with FTD and half with clinical evidence of motor neuron disease). There were only two Mackenzie Type 2 cases (one with bvFTD and the other with Alzheimer type dementia). One of the Type 2 cases had evidence of motor neuron degeneration predominantly affecting upper motor neurons and the corticospinal tract. Neither had semantic dementia, which is a common clinical correlate of nonc9FTD/ALS Type 2 cases [26, 39] .
FTLD cases differed in degree and pattern of cortical atrophy, with FTLD-TDP having more of a frontotemporal pattern of atrophy compared to FTLD-MND with mild frontal and motor involvement. Frontal cortical atrophy was often consistent with frontal-behavioral clinical presentations; whereas, there was a general lack of periSylvian and superior parasagittal atrophy supporting similar lack of focal presentations, such as nonfluent aphasia or corticobasal syndrome. Symmetry could not be evaluated since only one hemibrain was available for histologic studies; the other hemibrain having been frozen for biochemical and genetic studies. On the other hand, there was almost no clinical evidence of asymmetry, with only one patient having a prominent aphasia. This is in contrast with the asymmetrical clinical presentations (e.g., progressive nonfluent aphasia) that are not uncommon in FTLD-TDP due to GRN mutations [24, 40, 55] .
Striatal degeneration was present in some FTLD cases, but it was relatively mild compared to the severe striatal atrophy seen in FTLD-FUS [27] . Severe striatal atrophy may be used to distinguish c9FTD/ALS from FTLD-FUS. Striatal degeneration is variable in FTLD-TDP due to GRN mutations, but can be a predominant feature in some cases [66] .
Substantia nigra degeneration was relatively common in c9FTD/ALS and sometimes associated with parkinsonian clinical features. Of the five cases with severe nigral degeneration, four had extrapyramidal signs, including two patients thought to have dementia with Lewy bodies. One of these patients (case 20) was enrolled in a prospective longitudinal study of dementia with Lewy bodies. Substantia nigra neuronal loss was detected in FTLD-MND and FTLD-TDP, but not ALS. Substantia nigra degeneration is also frequent in FTLD-TDP due to GRN mutations, detected in about 80% of cases [24] , but it does not always correlate with overt clinical Parkinsonism. Parkinsonism is relatively common in FTLD [13] , and is present in as many as 67% in FTLD-TDP due to GRN mutations [29] . Parkinsonism in c9FTD/ALS was less frequent (30% for all cases and 40% for only cases with FTLD). A direct comparison of c9FTD/ALS and GRN-related FTLD-TDP is an objective of future studies. Available evidence, however, would suggest that FTLD-TDP due to GRN mutations is less heterogeneous that c9FTD/ALS, since virtually all reported cases have had Mackenzie Type 1 pathology [24, 41] .
Spinobulbar signs were present in three of eight FTLD-MND cases, and of the five patients without clinical evidence of motor neuron degeneration (cases 9-13), two had a family history of ALS. Pyramidal tract degeneration and motor neuron neuronal loss and gliosis was variable in these five cases and severe in only one (case 11), a 62-yearold woman with mild dysphagia and a sister with ALS. Subclinical motor neuron degeneration is increasingly recognized in FTD [37] , and electrodiagnostic tests may be needed to reveal subtle evidence of motor neuron degeneration. In this retrospective series, only one of the FTLD cases (case 7, a 59-year-old man with a clinical diagnosis of FTLD-MND) had electromyography and nerve conduction velocity studies. Despite lack of antemortem evidence of motor neuron disease in some cases, the present study shows significant pathologic overlap between FTLD-MND (n = 8) and ALS (n = 5) cases. The major areas of neuropathologic overlap between FTLD-MND and ALS are the presence of NCI in motor neurons, prominent GCI in motor cortex and corticospinal tract, and presence of Bunina bodies in lower motor neurons. Bunina bodies were detected in all cases of ALS (5 of 5) and all but one case of FTLD-MND (7 of 8). The case without Bunina bodies had severe motor neuron loss precluding their detection, which is similar to paucity of Lewy bodies in the substantia nigra in end stage Lewy body disease. Two FTLD-TDP cases with very sparse Bunina bodies were likely an incidental finding since they were not associated with motor neuron loss or NCI with TDP-43 immunohistochemistry. The presence of GCI was a characteristic feature of TDP-43 pathology in FTLD-MND and ALS, which was much less common in FTLD-TDP. Oligodendroglial inclusions have been noted previously in ALS and FTLD-TDP [2, 42, 50, 67] , and the present study suggests that this histologic feature marks overlap between a subset of c9FTD/ALS with motor neuron degeneration, but that it is not specific to c9FTD/ALS. In fact, other than cerebellar inclusions, there was no specific pathologic feature that distinguishes c9FTD/ALS.
There are strengths and weaknesses in this study. A strength of the study is that all cases were referred to a single-brain bank where neuropathologic procedures are standardized. All cases underwent an in-depth neuropathologic examination by one neuropathologist, including semi-quantitative assessment of a range measures using immunohistochemistry with a sensitive and specific phospho-TDP-43 monoclonal antibody [22] , processed in batch with an automated tissue stainer to assure uniformity. All cases were also processed with sensitive methods for detecting motor neuron degeneration, and all cases had assessment of characteristic ubiquitin-immunoreactive cerebellar NCI. The major weakness is that cases were obtained from various sources, and there was a wide range in the quality of the medical documentation. Most cases had far from complete family histories. Only the Mayo Clinic patients were enrolled in prospective longitudinal studies; the others were a retrospective cohort.
Summary
This pathologic study of c9FTD/ALS demonstrates that although all cases had TDP-43 pathology, there is greater clinical and pathological heterogeneity than previously thought, including amnestic-type dementia in an elderly cohort with hippocampal sclerosis and bvFTD in a younger cohort without motor neuron degeneration. The length of the hexanucleotide expansion in C9ORF72 is unknown in our cases. It remains to be determined if the expansion length can influence the clinical presentation or the nature of neuropathologic findings. This is an objective for future studies, as well as comparison of c9FTD/ALS with sporadic FTLD cases matched for TDP-43 Types and with the other relatively common genetically determined FTLD-TDP, that due to mutations in GRN [24, 41] . This study further suggests that the harmonization of TDP-43 types proposed for FTLD-TDP [44] may have been premature, at least with respect to genetic associations, since not all c9FTD/ALS are Mackenzie Type 3 (harmonization Type B), and in the present series, Mackenzie Type 1 (harmonization Type A) was actually more common, especially in those patients who presented with dementia (amnestic or frontal-behavioral variants) and no evidence of motor neuron degeneration.
